Each is based to some extent on advances in the design and fabrication of functional materials.
Generally, the advances are of two kinds: chemo-and bio-selective recognition and binding, and efficient methods for micropatterning or microstructuring.
Sensing via optical interference
surface. Depending on how far and how quickly they move, light waves exiting the film after reflection can reinforce or cancel those entering it. The relationship between wavelength (λ) and film thickness (d) that maximizes constructive interference is:
λ max = 2nd/m (1) where m is the spectral order. For a comparatively thick film (2nd >> λ visible ), many wavelengths in the visible region satisfy eq 1 and a plot of reflected light intensity versus wavelength is periodic.
Another structure that generates interference is a grating: a periodic structure consisting of alternating regions of high and low refractive index (see Fig. 1 ). Monochromatic light that has been transmitted or reflected by a grating forms a spatial pattern of bright spots (diffracted light) that is related to the physical pattern of the grating by an optical transform. The locations of the spots are fixed by the lateral spacing of the grating elements and by the wavelength of the incident light. The efficiency of the grating (the fraction of incident light diffracted) depends on the product of the grating depth and the degree of refractive index contrast between high-and low-index regions of the grating, d•∆n.
All of the sensors described below make use of optical diffraction, thin-film interferometric reflection, or closely related ideas. The interaction of a micropatterned, microstructured, or micro/mesoporous material with an analyte changes n, ∆n, or lattice dimensions in a way that increases or decreases the amount of light reaching a detector, allowing for its detection and quantification.
Fabry-Pérot-like sensors
Illumination of transparent thin-film coatings on reflective surfaces produces so-called Fabry-Pérot fringes -alternating high-and low-intensity features -in the resulting reflection spectrum (see Fig. 2 ). The spectral peaks appear, as noted above, at λ max = 2nd/m, where n is the volume-averaged refractive index of the film. Sailor and coworkers [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] point out that, if a porous film is used, n will increase when the initially empty pores are filled with analyte. They illustrate the idea using PS films on highly reflective nonporous Si platforms, and describe several examples of volatile organic chemical detection. While these signals are largely because of capillary condensation of volatile organics within the small PS pores, some degree of chemical selectivity can be engendered by grafting appropriate functional groups onto the PS surfaces -the most interesting case perhaps being the detection of CO 2 with amine-derivatized PS 17 .
Aqueous-phase sensing of biological macromolecules has also been demonstrated. These have higher indices than the water they displace from the film pores, so the volumeaveraged value of n increases and the Fabry-Pérot fringes red-shift. Rothberg and coworkers 19 have shown how onedimensional porous films of electrochemically etched alumina can be used in this way. They illustrate the idea by detecting single-stranded DNA using films derivatized with complementary strands. They point out that porous alumina could offer advantages relative to PS in applications where pore size uniformity is important.
An interesting application that achieves transduction in a different way is one involving the sensing of organofluorophosphonates (chemical warfare agents or simulants) 12 . A Cu-based hydrolysis catalyst is incorporated into the PS assembly and used to degrade the simulant rapidly. One of the hydrolysis products is hydrofluoric acid, which dissolves the SiO 2 present as a thin native coating on the high-area PS surface. The dissolution is observed spectrally as both a blue-shift of the interference fringes and a decrease in definition of the fringes (Fig. 2) . Recently, an elegant extension of the general idea of interferometric thin-film sensing has resulted in self-orienting, remotely addressable interferometric sensing particles, termed 'smart dust' (Fig. 3) 16, 18 . 12 
Fig. 2 The reflectivity of a PS film illustrating Fabry-Pérot-like interference fringes. The sharpness of the fringes decreases over time because of etching by HF, a product of the catalytic hydrolysis of a nerve-agent simulant. The response can be used as a means for sensing the agent. (Reprinted with permission from

Luminescent interferometric sensors
PS materials often exhibit a broad photoluminescence in the red part of the visible spectrum. Miller and coworkers 20 point out that, with the right kind of microstructure, interferences can be set up and the broad emission envelope can be replaced with one showing evenly spaced spikes, each only a few nanometers wide. The structure is a relatively thick luminescent layer (a few microns thick) sandwiched between a pair of distributed Bragg reflectors (DBRs), as shown in Fig. 4 . The structure, while elaborate, is relatively straightforward to construct electrochemically, provided that careful attention is paid to etching times and conditions.
Collectively, the mirrors and active layer comprise a resonator that allows emitted light to escape the cavity only at certain well-defined wavelengths, determined both by the thicknesses and refractive indices of the DBR layers. Filling the pores in a layer with analyte changes the layer's average refractive index, with the change being greater for a highporosity layer than a low-porosity layer. Sensing is accomplished by monitoring the shift in wavelength of a photoluminescence peak (Fig. 5) . Of course, for a narrower peak, the shifts are discerned more easily and the analytical sensitivity of the resonator is increased.
Colloidal crystals
An interesting family of sensors has been developed by Asher and coworkers [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] based on the idea of photonic crystals. The crystals are Bragg lattices and transmit light at most wavelengths, but reflect it (via diffraction) over a narrow spectral range centered at λ max from the Bragg equation. Useful crystals can be made from colloidal suspensions of uniformly sized polymeric spheres. When sphere diameters lie between ~100-300 nm, λ max falls in the visible region. Asher and coworkers showed a number of years ago how this behavior could be used to create narrow spectral filters 32 .
To make lattices that work as sensors, polymeric polystyrene spheres are assembled into three-dimensional colloidal crystals, and are chemically crosslinked with a hydrogel. The polystyrene component of these unusual mesostructured materials provides the periodicity needed for diffraction while the hydrogel imparts the chemical sensitivity (see Fig. 6 ). Upon exposure to the right analyte, the hydrogel swells, changing the average refractive index of the lattice and altering λ max . Much more important, though, is the effect of swelling on the interplane spacing or lattice constant, d. A 0.5% change in gel volume typically translates into a ~1 nm shift in λ max . Swelling can increase spherepacking distances by as much as 60% and shift λ max from the blue end of the visible spectrum to the red end (Fig. 7) . The effect is striking visually: structured assemblies of colorless components change color in response to colorless analytes! Swelling in the derivatized polyacrylamide gels used in this approach is mainly an osmotic pressure effect. For example, partially hydrolyzed gels contain pendant carboxylic acid groups. Upon contact with a high-pH solution, the groups are deprotonated. Charge-compensating cations enter the gel, creating an osmotic pressure sufficient to swell the gel with solvent. At least in the vicinity of the carboxylic acid pK a , the material becomes an optical reporter on sample solution pH 23 .
By functionalizing neutral gels with crown ethers that selectively bind Pb 2+ , the same principle can be used to make a reflection-based 'optrode' 29 specific for Pb 2+ . Related schemes can be used to make colloidal crystalline array sensors for neutral molecules, with one of the most interesting applications being a sensor for glucose. Hydrogels derivatized with both boronic acid and poly(ethyleneglycol) bind glucose selectively over other sugars at physiologically relevant concentrations. Once bound, the glucose slightly alters the boronic acid pK a , triggering gel swelling and engendering an apparent color change in a colloidal crystal array 26 . Because hydrogels tend to be biocompatible, this opens up the exciting possibility of a simple and rapid patientwearable, patient-monitorable sensor for use by diabetics. A color-changing glucose sensor of millimeter size could be incorporated, for example, in a contact lens and positioned for high contrast over a white portion of the eye 30 .
Holographic biosensors
Taking advantage of the same physics underlying colloidal crystals, a family of biosensors has been developed by Lowe and coworkers based on holographic polymer films [33] [34] [35] . Upon exposure to a laser beam, reflective holograms are recorded as silver holographic fringes within a polymeric thin film. Analogous to standard interference filters, these films display wavelength-dependent optical properties, with the spectral response dictated by fringe spacing. When holograms are constructed from chemically responsive polymers, the wavelength of maximum reflection λ max is modulated by analyte-induced volume changes.
By monitoring changes in λ max , holograms sensitive to a wide range of analytes have been demonstrated with selectivities determined by the chemical properties of the polymer(s) comprising the holographic medium. While these reports use a spectrophotometer to detect a target species, an intriguing extension (demonstrated in Fig. 8 ) might include embedding analyte-sensitive images within the holographic medium -with perhaps a badge on an employee's uniform signaling a potential health risk. Among other attractive features, the technology behind commercial hologram design is well established for other applications, and accordingly holographic biosensor researchers have targeted markets in need of inexpensive, disposable, and mass-producible sensors. 
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Chemoresponsive diffraction gratings
Another promising interferometric sensing approach involves micropatterned diffraction gratings. There are two related approaches to this general chemical and biological sensing scheme. The first is based on gratings which have a very weak initial diffraction (small d•∆n), not visible with the naked eye. When exposed to an analyte, d•∆n increases and the diffraction pattern 'appears'. Using this approach, sensors for bacteria 36, 37 and proteins [38] [39] [40] [41] [42] [43] have been demonstrated.
More recently, diffraction-based sensors have been investigated that display a diffraction pattern prior to analyte introduction [44] [45] [46] [47] [48] [49] . In these systems, sensing is accomplished by monitoring, typically with inexpensive photodiodes, the changes in diffraction efficiency (fraction of light diffracted). Because molecular species are characterized by refractive indices greater than that of vacuum (n = 1), the diffraction efficiency of these chemosensors increases in response to volatile organic compounds (VOCs) as they fill voids within a porous sensing framework. For example, micropatterned polymeric gratings have been found to respond rapidly and reproducibly to a series of VOCs, with limits of detection below government-mandated exposure limits 47 .
While the simplest grating-based sensors only make use of changes in the real component of the refractive index, others take advantage of changes in the imaginary component k of the complex refractive index, ñ = n + ik. The imaginary component of a material (or analyte) is closely related to its absorptivity. Enhanced analyte sensitivity can be obtained if target binding induces a color change, bringing the material's absorbance spectra more or less into registry with the probe laser beam. One demonstration of this makes use of a grating fabricated from 'vapochromic' material 48 . As the color of the material shifts as a result of analyte uptake, its absorbance becomes more or less resonant with the probe laser beam, eliciting dramatic resonance amplification and deamplification of sensor responses. Fig. 9 shows analyte uptake curves measured with probe lasers of different wavelengths, showing a 3500-fold amplification in sensor response when the probe wavelength is changed from nonresonant to resonant.
An initially unexpected, yet equally important, consequence of this effect is that resonance enhancement can be engendered selectively. Two analytes sorbed in similar amounts, yet inducing different perturbations to the grating material's absorbance, are easily distinguished via a multicolor diffraction-based assay. As illustrated in Fig. 10 , the signal for chloroform at 633 nm is selectively amplified by over three orders of magnitude compared with methanol. Alternatively, measurements made at other wavelengths allow for the preferential detection of methanol. Notice that, here, analyte specificity is amplified at the readout stage, further enhancing differentiation beyond inherent material limits of target sorption and/or binding, as well as suggesting an approach towards 'nulling-out' responses from interfering species. As an extension into biosensing, resonantly enhanced diffraction gratings have been constructed for the detection of oligonucleotides in real time 49 . Using nanoparticle-labeled DNA probes, single-stranded oligonucleotide targets are detected on binding to complementary-functionalized diffraction gratings. Analogous to the previously described vapochromic gratings, the optical properties of captured nanoparticles provide an optical signature in multiwavelength diffraction measurements. The analytical significance of this observation, combined with the corresponding theoretical understanding, points to the intriguing possibility of target multiplexing. This might be realized by encoding different target biomolecules with unique nanoparticle labels, each with a different shape, size, and/or composition, and thus possessing unique optical properties.
Conclusions
The work highlighted above, while not all-inclusive, is representative of the many exciting developments underway in the field of interferometric chemical and biological sensing. The technologies described are characterized by mechanical simplicity, reasonable cost, and potentially simple readout.
One clear attraction of interferometric sensors is that they could serve as 'universal' sensors. The basis for the potential universality is that all molecules contain polarizable electrons. Consequently, all have refractive indices greater than unity, and thus will alter the refractive index contrast of a device relative to vacuum (n = 1). Similarly, the anomalously low refractive index of water (n = 1.33) points to the feasibility of aqueous-phase detection of most water-borne analytes. Advances in the area of soft-materials micropatterning and microstructuring are facilitating the broad application of these technologies, at least at the proof-of-principle level. Another attractive feature of interferometric sensors is the potential for resonance amplification, resulting in enhanced sensitivity and selectivity. While demonstrated so far only for chemoresponsive diffraction gratings, there may be ways to adapt the idea to related sensor platforms. Besides being an active area of research in many academic laboratories, interferometric chemical and biological sensing has attracted the attention of several industrial ventures. Indeed, at least five companies are now driving interference-based sensing technologies towards commercialization. MT
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